Technic Indocyanine green* in doses of 2.5 to 5.0 mg. was injected through cardiac catheters (Lehman, sizes 5 through 7; NIH, sizes 7 through 10) as a single rapid injection using a special syringe assembly,4 which allows the expulsion of an accurately known volume of the dye solution.
Procedure A "set" of dilution curves is defined as a group of dilution curves obtained in a patient in rapid succession (within 5 to 15 minutes) after injection into the pulmonary artery, left ventricle, and ascending aorta. In some of the patients with mitral incompetence, "sets" were obtained after injection into the left ventricle and ascending aorta only. In some patients, a second "set" of dye curves was also obtained between 10 and 15 minutes after angiocardiography with the patient under anesthesia; this involved injections of large amounts of pharmacologically active contrast material and caused significant changes in cardiac output.7 In a few subjects, cuvette calibrations were recorded using blood obtained both before and 2 to 5 minutes after injection of contrast medium. No significant difference in the response of the instrument to dye was found. Such a second "set" was regarded as a separate comparison of cardiac outputs. The comparisons of cardiac outputs to be reported were made within, and not between such "sets" of dilution curves.
Results
Mitral regurgitation causes a decrease in peak concentration of dye and prolongation of the disappearance phase of the dilution curve when the indicator is involved in the regurgitant flow in its primary circulation ( fig. 1 ). These effects increase proportionately to the magnitude of the regurgitation and to the degree of chamber enlargement. Figure 2 shows comparison of the cardiac indices obtained within the "sets" after injection of dye at the three different sites. A wide range of cardiac indices was observed in both the control group and in the patients with mitral insufficiency, related not only to the differing basal cardiac output in such patients but also to the differing circulatory states under conditions of sedation, anesthesia, and after angiocardiography. Fewer comparisons of cardiac index from pulmonary-artery dye curves were available in the mitral insufficiency patients. The mean cardiac indices are given in table 3. They illustrate the lower blood flow rates obtained in patients with mitral incompetence. The averages of paired differences for injection sites are given in table 4 for control and mitral insufficiency groups. These differences are statistically significant in regard to the aorta injection site for the mitral insufficiency patients. For the control group, the P value approaches 0.1 in the case of aortic minus pulmonary artery dilution curves.
Discussion
There is good correlation of cardiac indices within a set of dye curves both in the control group and in mitral incompetence. In general, differences are within the reproducibility of indicator-dilution calculations of flow measurements. The coronary-circulated indicator has been shown to be one of the earliest returning par- Figure 3 Indicator-dilution curves recorded at femoral artery and in coronary sinus from patient with mitral stenosis (left panel) and mitral insufficiency (dominant) with mitral stenosis (right panel). Dashed vertical lines represent the instant when the indicator is in the ascending aorta for the first time. Dash-dot vertical lines represent the arrival of the first coronary recirculated indicator particles at the femoral artery. For all femoral dilution curves, the instant Te is the point of extrapolation defined when the curve was analyzed by the Stewart-Hamilton method. Curves immediately below the top curves were recorded via catheter positioned in coronary sinus, transposed in time allowing for the catheter dead space, at a volume flow rate of 12 ml./ min. Transit time from ascending aorta to the coronary sinus is x. The curves to the right of the dash-dot lines are coronary sinus curves transposed (but not further distorted or corrected for catheter distortion) by transit time from right atrium to femoral artery (y). This, then, places the returning coronary sinus blood in a possible temporal relationship to the disappearance phase of the primary circulation of indicator. For the aortic injection site for each curve, although coronary recirculated indicator may appear prior to Te, the disappearance phase of the curve is virtually complete and very little if any coronary recirculated particles are included in the extrapolated downslope. On the other hand, for femoral dilution curves with injection into the left ventricle and more particularly the pulmonary artery (the two lower curves), coronary recirculated particles may appear shortly after peak concentration of primary dilution curve and may influence its downslope materially. In mitral incompetence, the appearance of coronary recirculated particles may occur at peak concentration of dilution curves injected as centrally as pulmonary artery and influence the dilution curve for the complete downslope. For the dilution curves on the left the differences of cardiac index, aorta minus pulmonary artery, was 11 per cent, and for the dilution curves on the right, 32 If it is assumed that coronary recirculated particles may appear in indicator-dilution curves with injection into pulmonary artery and at times with injection into the left ventricle, the rapid appearance and disappearance of coronary particles in the absence of mitral incompetence will lead to the inclusion of these particles and few other systemically recirculated particles in the primary concentration curve (unlikely with left ventricular injection) and therefore result in an error related approximately to the magnitude of coronary blood flow. In a prolonged and distorted dilution curve such as occurs with mitral incompetence with injection at or upstream to the chamber involved in a regurgitant process (right panel), the long tail concentration of such a dilution curve may give rise to erroneous extrapolation with inclusion of significant quantities of dye which has recirculated from parts of the body other than the coronary circulation. mitral regurgitation. It demonstrates that coronary recirculated particles ordinarily may be recovered from the disappearance slope of the primary curve. The position, magnitude, and dispersion of these particles will be dependent on the injection site, the temporal dispersion of the primary dilution curve, and the ratio of coronary to systemic flow. The coronary recirculated particles can be included in cardiac output calculation in normal subjects with pulmonary artery injection and to a larger extent in mitral incompetence with both pulmonary artery and left ventricular injection. This is supported by the data of Jose and associates13 who found in normal subjects that the cardiac output was 7 per cent lower with pulmonary artery injection than with left atrial injection. Likewise, in normal subjects, our data indicate that the cardiac output is lower from pulmonary artery injection curves than from left heart injection curves. From the data of other auCirculation, Volume XXXI, May 1965 thors,14-17 the mean cardiac output from indicator-dilution curves (injection into the pulmonary artery) is calculated to be 4 per cent to 9 per cent lower than that obtained by the Fick method; this difference could be accounted for by the inclusion of the coronary recirculated indicator particles in cardiac output calculation.
Time-Course of Recirculated Particles
The time-course of return of indicator from various regions is a damped version of the input curve to those sites. Thus, the timecourse of return of systemically recirculated particles in patients with mitral incompetence will differ from normal in the characteristic feature of such curves-the slow clearance of dye and prolonged disappearance phase. The potential effects of such an alteration in the time-course of return of recirculated indicator particles on indicator-dilution curves is shown in diagrammatic form in figure 4 . The prolonged disappearance phase will not allow accurate separation of coronary recirculated particles from other components of recirculated dye. Thus, coronary recirculated particles either will continue to influence the downslope of the primary dilution curve if a wide discrepancy is present between the coronary arrival time and the arrival time from other regions or will tend to merge inseparably with the rest of the systemically recirculated indicator if the circulation times are similar. In either event, under the conventional system of analysis, this will lead to the false inclusion of a significant additional component of systemically recirculated indicator other than that which traverses the coronary circulation. Although speculative (but supported by the temporal relations of few dilution curves recorded from the coronary sinus as figure 3 ), this appears to be the most reasonable explanation for the lower cardiac output, defined by dilution curves involved in the regurgitation process in its primary circulation.
Summary
Cardiac output was determined by the indicator-dilution technic with injection of indicator into the ascending aorta, left ventriCirculation, Volume XXXI, May 1965 cle, and pulmonary artery in 13 cases of mitral incompetence and in 15 control cases (normal or mild valvular obstruction). The ascending aortic dye curve is not involved in mitral incompetence in its primary circulation and was used for comparison.
In normal subjects, there is no significant difference between the cardiac output obtained by injection of indicator into the ascending aorta and the left ventricle.
The cardiac output obtained from indicator-dilution curves affected by mitral regurgitation in its primary circulation is underestimated by approximately 20 per cent.
The effects of the coronary recirculated indicator particles on the disappearance slope would best explain the discrepancy. Even in the normal circulation, the inclusion of the coronary recirculated particles leads to a small underestimation of the cardiac output when the indicator is injected into the pulmonary artery.
